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To understand the parameters of an antibody response that 
are required for neuronal protection, several questions should bo 
considered. Is neuronal protection associated with plaque clear* 



Transgenic PDAPP mice, which express a disease*! inked isofdrm of 
the human amyloid precursor protein, exhibit CNS pathology that 
is similar to Ahheimars disease. In an age-dependent fashion, the 
mice develop plaque? containing 0-amyk>;d peptide (A0) and 
ex hibit neuronal dystrophy and synaptic loss. It has been shown In 
previous studies that pathology can be prevented and even re- 
versed by immunisation of the mice with the Ap peptide* Similar 
protection could be achieved by passive administration of some 
but not 411 monoclonal a ntibodtes against A£ in the current studies 
we sought to define the optimal antibody response for reducing 
neuropathology. Immune sera whh reactivity against different Ap 
epitopes and monoclonal antibodies with different isotypes were 
examined for efficacy both ex vfi/o and In Wvo.The studies showed 
that: (/) of the purified or ellqtad antibodies tested, only antibodies 
against the N-terminat regions of A/3 were able to invoke plaque 
clearance; {if) plaque binding correlated with a clearance response 
and neuronal protection, whereas the ability of antibodies to 
capture soluble Ap was not necessarily correlated with efficacy; 
m the isotype of the antibody dramatically Influenced the degree 
of plaque clearance and neuronal protection; CM high affinity of 
the antibody for Fc receptors on microglial cells seemed more 
important than high affinity for A0 Itself; and (*) complement 
activation was not required for plaque clearance. These results 
Indicate that antibody Fc-msdtetad plaque clearance Is a highly 
efficient and effective process for protection against neuropathol- 
ogy in an animal model of Alzheimer's disease. 

Immuniscatioft of the transgenic PDAPP mice with p-arnyloid 
peptide (Ap)-derived hnmunogens results in an antibody 
response that facilitates the clearance of plaques within the 
central nervous system (CNS) (1-4). Although a number of 
mechanisms are likely to operate In this clearance response (5, 
6), our previous findings strongly indicate that antibody- 
mediated, Fc-dependent phagocytosis by microglial cells and/ or 
macrophages is important to the process (7), Importantly, a T 
cell response was not required fbt amyloid plaque clearance. 
When peripherally administered, antibodies against AJ3 entered 
the CNS of PDAPP transgenic mice, decorated amyloid plaques, 
and induced plaque clearance. Comparing different antibodies 
in an ex vivo assay with sections of PDAPP or Alzheimer's 
disease (AD) brain, there was a strong correlation between those 
that produced ex vivo efficacy and those that wore efficacious in 
Vivo. Fc receptors on microglial cells were found to be key for the 
clearance response in this assay. However, it has been reported 
that antibody efficacy can also be obtained in vivo by mechanisms 
that arc independent of Fc interactions (8), Studies have indi- 
cated that an antibody directed against the midportion of AjB, 
Which cannot recognize amyloid plaques, appears to bind to 
soluble A/3 and reduce plaque deposition (6). In addition, it has 
boon reported recently that shirt-term treatment with this 
antibody improved performance in an object-recognition task 
without affecting amyloid burden (9). 



ance, or is it necessary for antibodies to capture soluble aggre- 
gates of A0 to protect neurons against the directly toxic effects . 
of the peptide? Does a clearance response depend on Fc 
receptor-mediated phagocytosis of Ap after antibody binding or . 
on complement receptor-mediated phagocytosis after antibody 
binding and complement activation? Alternatively, is a clearance 
response independent of antibody Fc receptor function? 

In the current study we approached these questions by exam- 
ining the influence of different antibody epitopes and isotypes on 
plaque clearance and neuronal protection. The studies took 
advantage of the fact that some epitopes of A/3 are preferentially 
available for antibody binding within plaques, whereas others are 
only available for antibody capture of the soluble peptide. In 
addition, the isotype of an antibody is important for cither Fc- 
or complement-mediated phagocy tosis of Aj9 by microglial cells, 
because antibody isotype defines its affinity for Fc receptors as 
well as its ability to activate complement If plaque clearance 
and/or neuronal protection do not depend cm Fc«mediatod 
processes, then the isotype of an antibodry against A£ should 
have little impact on efficacy. These studies provide insight for 
the design' of antibodies with therapeutic potential, 

Materials and Methods 

A£ Fragments. Peptides corresponding to Aj3l-5, A03-9, A05- 
11, and A£15-24 and the reverse sequence A£5-l were synthe- 
sized contiguous to a 17-aa T cell epitope derived from ovalbu- 
min (amino acids 323-339, ISQAVHAAHABEN'EAGR) on a 
branched peptide framework (trip! ©-lysine core with four pep- 
tide arms) to produce a muitJantigen peptide as described (10), 
Polyclonal antibodies against Apl-42 (pAb 1-42) were raised 
and the Ig fraction was isolated as described (7). pAb-EL16, 
pAb-EL17, and pAb-EL20 were obtained from the sera of 
PDAPP mice immunized with peptides corresponding to A01-7, 
A01S-34, and A03-9, respectively, which had been synthesized 
on a branched framework as described above. pAb-EL26 was 
obtained from the sera of mice immunized with A£(7-l)-42. The 
peptides Vera synthesized by AnaSpec (San Jose, CA). 

Monoclonal Antibodies OnAfrs). The production of mAbs 10D5 and 
6C6, which were raised against synthetic Apl-28 coupled to a 
carrier protein, has been described (11), mAbs 12B4. 2C1, 
12AU, and 3A3 were raised against synthetic A01-42 by using 
similar methodology except that hybridorna supernatants were 
screened by an RIA, All antibodies were purified by HPLC and 
were free of endotoxin (<1 endotoxin unit/mg protein) as 
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determined by the Limutus amoebocytc gel-clot assay ( Associ- 
ates of Cape Cod). The mAbs 3D6 and 21F12 were obtained as 
described (7), and 22D12 and 266 were raised against synthetic 
A013-28 (12), 

Epitope Mapping. Epitope mapping of the mAbs and pAbs was per- 
formed by using an ELISA that measured antibody binding 
to overlapping peptides (10 ammo acid peptides offset by 1 residue) 
covering the entire A01-42 sequence. Hie first 32 peptides were 
btotuiylated at the C terminus, and the last 10 peptides were bio- 
tinylated at the N terminus. The biotmylated peptides were syn- 
thesized by Mimotopca (Clayton, Victoria, Australia) and captured 
on strcptavidhveoated wells of a 96-well plate (Pierce). 

Passive and Active immunisation Procedures. mAbs in PBS were 
given via passive admiriistration (i.p, injection) at a dose of 10 
rag/kg weekly for 6 months. Fax active immunization, 100 /4-g of 
A/3 fragment was administered by Lp. injection in complete 
Frcund's adjuvant followed by boosts with 100 jig of peptide in 
incomplete Freund's adjuvant at 2 and 4 weeks, and monthly 
thereafter. 

Antibody Binding to Aggregated and Soluble Afll-42. Serum titers 
(determined by serial dilution) and mAbs binding to aggregated 
synthetic AjSl-42 were performed by ELISA as described (1), 
Soluble A01-42 refers to the synthetic A01-42 peptide soni- 
cated in dimethyl sulfoxide. Serial dilutions of sera or mAJb at 20 
ug/ml were incubated with 50,000 cpm [ A ^]A^l-42 <*190 
jiCi/jwnol; labeling with lodogen reagent, Pierce) overnight at 
room temperature. Fifty microliters of a slurry containing 75 
mg/ml protein A Scpharose (Amersham Pharmacia) and 200 ug 
of rabbit anti-mouse IgG (H+L) (Jackson ImmunoRcsearch) 
was incubated with the diluted antibodies for 1 h at room 
temperature, washed twice, and counted on a Wallac gamma 
counter (Perkin-Elraer). All steps were performed in RIA 
buffer consisting of 10 mM Tris, 0.5 M NaO, 1 mg/ml gelatin, 
and 0.5% Nonidet P-40, pH 8.0. 

Ex Vivo Assay, Cryostat sections (10 jura in thieknoss) of PDAPP 
mouse brain were thaw-mounted onto round polylysine-coated 
coverslips and placed in the wells of 24-well tissue- culture plates, 
MkrogBal cells and antibodies were added to the wells and 
cultured lor 24 h aa described (7). After incubation, cultures were 
extracted with an 8 M urea buffer and frozen quickly. Total A0 
level in the cultures was detenninedby ELISA as described (13), 
Statistical analyses were performed by using prism 3,0 software 
(GrapbPad, San Diego). 

Results and Discussion 

A0 Epitope: Epitopes Within the N Terminus of AJ3 Are Important for 
plaque Clearance and Reduction of Neuritie Pathology. We have 
shown previously that not all antibodies against Aj3 can trigger 
plaque clearance in vivo, Efficacy can be predicted by the ability 
of antibodies to both bind plaques within unfixed sections of 
PDAPP or AD brains and trigger plaque clearance in an «* vivo 
assay (7). In the current study, a number of mAbs and pAbs 
directed against different epitopes of A/3 were examined for 
plaque reactivity and ex vivo efficacy. Only antibodies against 
epitopes within the N-terminal 11 aa of Ap were found to be 
active in either regard (Table 1). These findings also illustrate 
that; of the five antibodies previously examined in vivo, those 
against N-terminal epitopes were effective in reducmg plaque 
burden (pAbl-42> 3D6, and 10D5), whereas those against 
C-terminal epitopes were inactive (16C11 and 21F12) (7). 

To extend these findings and further characterize epitopes 
within the N terminus of Aft a series of peptide* were compared 
tor their ability to :rigger an efficacious antibody response in 
vivo. Twelve- to 13-mofith-old PDAPP mice were immunized 
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Table 1. Antibodies directed against epitopes within the 
^terminal 11 aa erf AJ31-42 bind amyloid plaques and trigger 
phagocytosis in- an ex vivo essay 
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Berth measures were sepmd on throo-step visual rating system based on f luo- 
rescenee intensity for the plaques and by degree of A0 uptake as described C7). 



with one of three N-tonninal peptide fragments (A/51-5, A03-9, 
or A/35-11) or a fragment derived from an internal region of the 
peptide (AJ315-24) (Fig. la). The internal peptide A015-24 
encompasses the epitope of antibody 366, which exhibits high 
affinity fox soluble A0 (12), but as- shown above it does not 
recognize placjues in sections of unfixed AD or PDAPP tissue 
(Table 1), Thus, it was of interest to determine whether a 
polyclonal response directed against this peptide could produce 
antibodies capable of plaque recognition or whether reactivity 
with soluble A/3 alone was sufficient to provide efficacy. In these 
studies, a peptide with reverse sequence (A£5-l) served as a 
negative control. Tne peptides were synthesized contiguous to a 
17-aaT cell epitope derived from ovalbumin and presented in an 
identical multivalent corifiguratiou (sec Materials and Methods). 
All the peptides (except A/35-1 reverse mer) produced sera that 
recognised aggregated synthetic A/31-42 by EUSA (Pig. lb). In 
contrast, only sera against the N-tenninal peptides were able to 
recognize A0 within plaques; antisera against A015-24 did not 
bind plaques despite strong reactivity with the synthetic aggre- 
gated peptide (Fig. le). There also were differences between the 
gerutn groups in their ability to capture soluble A£ (Fig. 2a). Less 
than 30% of the sera from mice immunized with A/51-nS or 
A£3-9 captured the soluble peptide (27% and 596, respectively). 
In contrast, sera from approximately half of the animals immu- 
nized with AP5-11 and all of those immunized with A£ 15-24 
captured soluble Api-42. 

Because the degree of A|3 deposition can vary greatly as 
PDAPP mice age, the in vtoo study was designed with at least 30 
animals per group. Efficacy data are shown for individual mice 
and expressed as the percentage of either amyloid burden or 
neuritie dystrophy relative to the meaa of the control (set at 
100%). Immunization with oanh of the three N-tenninal peptides 
significantly reduced amyloid burden (46-61%, P < 0.002) (Fig, 
2&). Furthermore, AJ33-9 and Ap5-ll significantly reduced 
neuritie pathology (34% and 41%, respectively; P < 0.05) (Fig, 
2c). In contrast, immunization with Ap 15-24 provided no pro- 
tection against either amyloid burden or neuritie pathology. 
These results further support the association between plaque 
binding and antibody efu'eacy. They also indicate that capture of 
soluble A0 is not required fox reduction of neuritie pathology, 
because the antibody response against A£3-9 provided strong 
plaque reactivity and the highest level of protection against 
neuronal dystrophy yet exhibited the weakest capacity for rec- 
ognition of soluble peptide. These results, however, do not 
eliminate the possibility that antibodies specific for Ap capture 
could provide efficacy at higher titers or over longer periods Of 
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Fig. 1, Antibodies produced by immunization with ^terminal fragments of 
A£ bind to amyloid plaques, <a> Peptides encompassing various domains of 
(synthesized contiguous to T cell epitope derived from ovalbumin) 
were used to tonmunlzo POAPP mice, A reverse mer, AJ35-1, was used as a 
negative control, (6> ELISA titers against aggregated A01-4Z were signifi- 
cantly higher over the length of the study in the A£5-1 1 and A/31 5-24 groups 
than intheA/31-5 group (1:H457. P<o,oi. and 1:12.257, P<0.05 vs. 1:3,647, 
respe^lvelyj AIM OVA followod by post hoc TUReys tart). (0 Unfixed cryostat 
sections from untreatad PDAPP mouse drain wen* exposed to the sera of mice 
immunfead with Ap5-1, Afi3-g, Aps-il, or Ap1W4 (titers normalised to 
1 :1,000 forstalning). Antibodies to AfJI 5-24 d|d not bind to amyteid plaques. 
(Scale bar, 500 jim,) 



time, as has been reported by DeMattos et al (6) using the 
high-affinity capture antibody 266. 

Antibody Isotype! igG2o Antibodies Agafnit A0 Are More Efficient 
than IffGI or lgG2b Antibodies In Reducing Neuropathology- Murine 
phagocytotic effector cells such as microglia within the CNS 
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Fig. a. Capture of soluble Api**42 by antibodies Is not associated with reduced 
amyloid burten or neuritic pathology, (a) Sera from mice immunized with frag- 
ments of AS wore examined for their ability to capture radiolabeled soluble 
Api-42 in an RIA. Sera from all animals immunised wfth A01S-24 were able to 
capture soluble A01-42 (one serum sample had a tter higher than 1:1,350, and 
a precise titer wqi not determined) compared w'rth 27% of -arose in tho A£1-5 
group and 3ft of the AflM group. Amyloid burden Ob) and neuritic pathology (d 
were evaluated with image analyst by a blinded microscoplst Values are ex- 
□ressedes a percentage of tho mean of the Aps-i croup (raggtlve control reverse 
mer peptide)) The ApM 1 group was evaluated at a separate sitting from the 
other groups but in conjunction with the same negative control group as an 
Internal reference (second AJ35-1* set, on the right). Amytold burden was re- 
duced significantly in tho AJS1 -5. A/J3-9, and A/35-i i groups (P < 0.001). The bars 
represent median values; and tho dashed horizontal lina indicates the control 
level. Neuritic burden was reduced significantly in the A£3-9 and A£5-i l groups 
CP < 0.05). Nerther endpeint was altered significantly by tmmunisation with the 
Aj3l 5^24 groupi Statistical Analysts was performed with squara-root transforma- 
tion (to norrnalkfi nonparametrfc distributions) and analyzed with ANOVA. A 
ounnetrs test then was used to compare the multiplg groups A0 1-5, A03-9, and 
A01 5-24 with their A/35-1 romrolandMannpWhiiney fortheA^5-11 group wtth 
its corresponding A/35-1 * control. 

express three different classes of IgG-specific Fc receptoisfFcy 
receptors): a high-affinity receptor. FcyRI. and two low-affinity 
receptors, FcyRII and FcryRHI (14). FcyRII is a single-chain re- 
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Table 2. mAbs against A03~7 have different avidity for 
aggregated and soluble synthetic A01-42 
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As a comparison, the antibody 266 at 10 ^/ml would capture 70% of 
AJ31-42. 



coptor with two major isoforms that apparently lack phagocytic 
capacity (15). FcyBJ and FcyRHI are hetetooUgomeric com- 
pletes in which the specific ligand-binding & ch a i n s arc associ- 
ated with a common y chain, The precise contribution of FcvRI 
and Fc?RIII to the phagocytosis of opsonized particles has not 
been defined; however, it has been shown that both receptors, 
and in particular FcyRl exhibit a higher affinity for murine 
IgG2a than for IgGl or IgG2b (16> Furthermore, IgG2a has 
proven to be more effective in a number of in vivo clearance 
responses than the other antibody isotypes (17-20). Thus, if 
Fc-medjated phagocytosis of Aj3 peptide is an important mech- 
anism for antibody-mediated plaque clearance, then IgG2a 
antibodies would be expected to reduce plaque burden more 
efficiently than the other antibody isotypes. 

To address this issue, experiments were conducted with six 
mAbs: two of each IgG isotypc and all directed against the same 
epitope of (A£3-7). The epitope was defined further by 
amino add substitution analysis; each antibody required the 
same three residues within A/33-7 for binding, and each could 
tolerate substitution within these residues by similar amino acids 
(data not shown). All the antibodies exhibited high avidity for 
aggregated A/31-42 (<1 nM); however, the IgGl antibodies 
showed «10-fold greater binding avidity than the IgG2a anti- 
bodies («5G vs. 500 pM) (Table 2). In contrast, only two of the 
antibodies could appreciably oapture soluble A^l-42 at anti- 
body concentrations of 20 ^g/mh one of the lgG2b antibodies 
(12AU) and, to a lesser extent, one of the IgG2a antibodies 
(12B4). As a measure of their ability to trigger Fc*mediated 
plaque clearance, the six antibodies were compared in the ex vivo 
assay with primary mouse microglial cells and sections of brain 
tissue from PDAPP mice. Irrelevant IgGl, IgG2a» and IgG2b 
antibodies, having no reactivity toward A/3 or other components 
of the assay, wore used as iao type-matched negative controls. To 
quantify the degree of plaque clearance/A^ degradation that 
occurred by the end of the assay, A0 was extracted from the 
cultures of microglia and brain sections (w = 3) with 8 M urea 
for analysis by ELISA (see Materials and Methods). As shown in 
Fig. 3, the two IgG2a antibodies against AjS reduced peptide 
levels in the cultures more efficiently (73% and 69%, P < 0.001) 
than the IgQl (28% and 35%, not significant) or IgG2b (48% 
and 59%, F < 0.05 and 0.001, respectively) antibodies. Because 
previous studies showed that ex vivo plaque clearance depends 
on Fc-receptor activity (7) and can occur in the presence of 
heat-inactivated serum, it is unlikely that complement played a 
significant role in mediating the effects observed in the ex vivo 
assay. 

The antibodies then were investigated for in vivo efficacy. 
Antibody (10 rng/kg) or PBS control was administered by weekly 
i.p. injection for 6 months as described (7). Antibodios within all 
groups maintained similar serum titers against aggregated 
A/n-42 (1:3,500) with the exception of the IgGl antibody 10D5, 
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Rg, 3. Comparing antibodies against A03-7 ir> the ex Wvo assay, lgG2a 
antibodies dear 0 amyloid plaque more efficiently that cither the I$G1 or 
igG2b isotypes. Murine primary microglial cells were cultured with unftxed 
cryostat sections of PPAPP mouse brain In the prasonce of antibodies of 
different isotypes directed against A/J3-7. irrelevant IgGl, |gG2a # end lg«b 
antibodies were used as tho respective isotype-matched negative control* 
After 24 h of Incubation, the total level of A/3 remaining in the cuttures was 
measured by ELISAThe two arrttAjB lgC32a antibodies reduced Ap levels in the 
cuttures <69% for 2Ct and 73* for 1 234; P<0flOD more efficiently than the 
!gG2b isotype antibodies (43* for 12A11, P < 0.03, and 59% for 3A3, P < 
aooil.The qntJ-A0 IgQ 1 antibodies did not sign tf leantly reduced levels. Data 
were analyzed with ANOVA followed by a post hoc Dunnett's test. 



which displayed 3- to 4-fold higher titers (~1:13,000). At tho end 
of the study, total levels of cortical Ap were determined by 
ELISA, Although each of the antibodies significantly reduced 
total A/3 levels compared with the PBS control (P < 0,001) (Kg. 
4«), there was a trend toward greater levels of reduction by the 
two IgG2a antibodios (61% and 69% reduction) than by the IgOl 
(38% and 52%) or the JgGZb (44% and 31%) antibodies. These 
results suggest that the higher affinity of IgGZa for Fc receptors 
is an important parameter for clearance. Furthermore, because 
murine IgGl antibodies cannot fix complement but provided 
levels of A/3 clearance comparable to the complement-fixing 
IgG2b antibodies^ complement does not seem to play a critical 
role during the clearance process in vivo. 

The level of neuritis dystrophy then was examined in sections 
of brain tissue from the mice to determine me association 
between plaque clearance and neuronal protection, Again, data 
are shown for individual animals and expressed as the percent- 
age of neuritie dystrophy relative to the mean of the control (set 
at 100%). Although all the antibodies triggered plaque clear- 
ance, only the IgG2a antibodies provided significant reduction in 
neuritie dystrophy (12B4> P < 0.05, and 2C1, P < 0,001) (Fig. 4 
b and c). Interestingly, the antibody 10D5 (IgGl) was less 
effective than either of the IgG2a antibodies even though it 
exhibited higher avidity for aggregated A£l-42 {Table 2) as well 
as amyloid plaques (data not shown) and maintained signifi- 
cantly higher serum titers than the other antibodies. Thus, 
antibody isotype and affinity for Fc receptors seem to be 
important attributes for both clearance of AJ3 and protection 
against neuritie dystrophy and may be more important than the 
relative avidity of antibodies mr Aj81-42 (Table 2), Also, these 
studies confirmed the observation obtained in the peptide 
immunization study described above that antibodies do not need 
to strongly capture soluble Api-42 to provide protection against 
neuritie dwtrophy. The antibody 12A11 (IgGZb) captured sol- 
uble mouomerie A£l-42 more efficiently than either of the 
IgG2a antibodies (Table 1) but was not as effective. Also, both 
lg02a antibodies provided similar protection oven though only 
one could capture the soluble peptide detectably. The results of 
the current study axe not necessarily inconsistent with other 
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Fig. 4. Anti-A/J ig<22a antibodies reduced AD-lfke neuropathology more eflfl- 
clently than other isotype? In K>Vo. PDAPP mice received weekly i.p. injections of 
entfbodtes starting at u months of ago for s months. (?) Total Ap (ovals shown 
for Individual mitt sorted by treatment group (r? • 30), The bar* represent 
median values, and the dashed horizontal line Indices the control level. Al- 
though A0 leveb were reduced significantly In oil antibody groups (P < 0,001 vs. 
PBS; ANOVAfollowed by post hoc Ounnetfs test), the IgGZa groups exhibited the 
highest degree of clearance, to) The percentage of frontal cortex occupied by 
neurttlc dystrophy was determined by Image analysis. The different groups 
within this experiment were analyzed In two sets by using the same PBS group as 
an Internal standard (PBS- 1 and PS W). was the control for the 60S, 1 0O3, 
1234, and 12AH groups, andPBS-ZwasthecqntrtilfortheaCI and 3A3 groups. 
To compare the groups, valuas for Individual animals are expressed as a percent- 
age of the mean of their respective PBS control group (set at 1009*)- The bars 
represent median values, and the dashed horizontal line Indicates the control 
level. Neuritic dystrophy was reduced significantly only by the igG2a isotype 
antibodies (MBA, P < 0.05, and 2C1 r P < o.QDl; awova followed by post hoc 
Dunned test). <d Dystrophic neurites were labeled with the amyloid precursor 
protein-specific antibody 3E5, and were found In association with plaquos. Rol- 
atlve to PBS control, the neuritic pathology was reduced signiKcomly fn animals 
treated with UB4 but not 10D3. CScale bar, 250 pmJ 



investigations and hypotheses surrounding anti-A/3-based immu- 
nqtherapies, Duration of treatment, route of administration, and 
specific antibody properties all likely have important effects on 



the observed outcomes* For example, Solomon et ai (5) sug- 
gested that anti-A/3 antibodies may directly inhibit or reverse 
amyloid fibril formation, Bacskai ex aL (8) provided support for 
the possible direct dissolution mode of action by showing 
removal of plaque in vtvo by F(ab')2 fragments of an anti-Aj9 
antibody after direct application to tie brain. It should be noted, 
however, that in vitro absolution was reported to be restricted to 
antibodies against A/33-6 (21), wheroas the antibody used in the 
in vivo study was against A/Jl-5. In addition, we show that 
antibodies against fragments A/31-5. A£3-9, and AJ35-11 are all 
capable of reducing plaque burden. Thus the mechanism of 
plaque reduction docs not seem to have the same restricted 
epitope as reported for in vitro fibril dissolution. Although the 
direct application of high-dose antibody to brain was capable of 
clearing plaque without Fc-mcdiated phagocytosis, the present 
data demonstrate that the efficiency in reducing plaque burden 
and neuritic dystrophy is best when the antibody isotype maxi- 
mally supports phagocytosis and that efficacy can be achieved by 
antibodies of several epitope specificities that all are capable of 
binding plaque in vtvo or ex vivo. 

Another reported mechanism of efficacy is through capture of 
soluble Ap (6). The use of antibody 266, a high-affinity capture 
antibody, at concentrations sufficient to produce detectable 
cerebrospinal fluid levels reduced plaque burden after chronic 
treatment It is likely that die capture titer achieved by immu- 
nization with the A015-24 fragment, although still substantially 
greater than the other fmmunogens tested in this study, is less 
than that achieved by 266 dosing, and this may impact the 
outcome. Thus it may be possible to achieve the same endpomt 
through multiple mechanisms including a chronic capture of A£ 
species, dissolution of plaques, or phagocytosis of existing 
aggregates. 

In summary, although antibodies against A/5 may exhibit 
efficacy in a number of ways, protection against AEMfte neu- 
ropathology can be obtained by antibodies that bind to plaques 
and trigger Fc-mediated clearance. IgG2a antibodies, which 
exhibit higher affinity than other isotypes for phagocytic Fc 
receptors (in particular FcyRD, provided the highest level of 
plaque clearance and were tne only anti-A0 antibodies to 
provide neuronal protection under the conditions tested. Plaque 
clearance seemed independent of complement activation, be- 
cause IgGl antibodies, which cannot fix complement, were as 
effective as the complement-fixing IgG2b antibodies. These 
results are consistent with the role of high-affinity Fc receptors 
in other clearance systems, where they have been shown to be* 
particularly effective for inducing clearance in conditions with 
low antibody concentrations (as would be anticipated in the 
CNS). The density of target-bound IgO that is required for 
complement activation has been reported to be higher than that 
required for Fc receptor-mediated phagocytosis (17). Accord- 
ingly, complement involvement in plaque clearance may be more 
pronounced at higher doses of antibody, where there would be 
an increased density of antibody bound to plaques. Interestingly, 
in contrast to other macrophage-aetrvation paradigms, it has 
been shown that activation of phagocytic cells through Fc 
receptors results in production of the antiinflammatory cytokine 
IL-10 and inhibition of proinflammatory IL42 (22). Thus, 
antibodies against AJ3 may allow resolution of an otherwise 
chronic, unresolving inflammatory response associated with 
plaques in AD by both clearing A/3 and altering the inflamma- 
tory environment 

In addition, the current studies demonstrate that antibody 
epitopes within the N terminus of A/3 are important for plaque 
clearance and neuronal protection via an Fc-mediated mecha- 
nism. Passive administration of mAbs against defined A/3 
epitopes reduced plaque burden and neuritic pathology to the 
frfim**- degree as active immunization. Although die 5- to 7-aa 
residue epitopes used for immunization in our studies are 
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themselves too short to elicit T cell help for antibody production, 
we showed that these epitopes can be synthesized in conjunction 
with an exogenous T cell epitope to produce an effi cac i o us 
antibody response after administration. Such an approach will 
avoid generation of T cell immunity against A/3 aB a self-antigen 
and may preclude the potential issues with encephalitis that were 
observed recently with a subset of patients in the clinic after 
immunization with whole A/tt-42 (23, 24). Likewise, T cell 

1. Sohonk, D„ Batbonr, EL, Pimn, W., Gordon, O., Orsjeda H,, Outdo, T* Hu, 

Huang, J-y Jobjjson-Wood, Khan, K., ctaL (1999) Nature 400, 173-177, 

2. Janus, C, Pearson, J., McLaurin, J. A* Mathero, F. M, /Ung, Y„ Schmidt, 
S, D. t Chishti, M A., Heme, P., Hoslin, P., French, J„ t* al (2000) Naturv 408, 
979-082. 

3. Mbtgan, Diamond, D. M., OottsobaD, ?, B., Upon, X Dickey, C, Hwdy, 
J„ Duff. K.. J&ntzoo, P., DiCarlo, G„ Wilcoek, D„ tft at (2000) Nature 408, 
9SZ-9S5, 

4. Sifturdiscn, E M ( SahoUzova. Mftatu. P. P., FranglaDa, S. & Wisniewskl 
T, (2001) Am- 1 /tetfwA 159, 439-447, 

5. Solomon, B,, Koppd, R., Frenkfil, D, & Hanan- Aharon, E. (1997) Nati. 
A£(XL Sd USA 94, 4109-4111 

6. DcMattOS, R. B„ Bale?, K. R* Cummin*, D. L, Dodait; J. C Paul, S. M, A 
Hottwura, D. M. (2001) Pmc No& Acad. Set. USA 9&. 8850-SSS5. 

7. BMd, F„ Cannon, G, Barbour, R., Burke, R, I*, Games, D (| Gtfljeda, K, 
Guide, T„ Hu, K., Huong, J„ Jonason-Wood. (20DO) JVffi. Aft* «, 
916-919, 

8. Bwakai, 3. J, K^dasns, 8. T„ MaLolUn, M. B,, Owna?, P-, Scubert, P, Schcnk, 
D. & Hymim, B. T. (2002) /. 22, 7S7S-7878. 

9. Podait, J, C, Bales, K. IL. Gannon, X. S„ Greene, S. J., DoMattOJ. IL B M 
. Mato. C, DeLong, G A., Wu ( S,, Wu, Holtsraim, P. M. & PM S. (2002) 

Nat. iVewaw 5, 452-457. 

10, Twn, J. P, (19S6) Pwc NtfO. <4ftt<t Set 8fi, S409-5413. 

11. Anderson, J. P., Ecch, F, S„ Koim, ?. S„ Somhwmrtt, K., liobcrburg, I. & 
Robakie, N. K. (1991) Newwtf* Lett. 118, 126-128. 



immunity will not be elicited with passive administration of 
antibodies against A/3. Thus, both inuounoconjugates containing 
defined epitopes of A£ and mAbs against appropriate AJ3 
epitopes offer excellent alternatives to whole-peptidc immuni- 
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